The regional standard for tempeh established by the Codex Alimentarius defines the use of Rhizopus oligosporus, R. oryzae, and/or R. stolonifer as soybean tempeh starters. However, comparative studies on the functions of tempeh prepared with these Rhizopus species are scarce. In the present study, we examined the effects of dietary tempeh prepared with these three Rhizopus species using rats fed with a high-fat diet. Compared to the control diet, consumption of tempeh prepared with R. stolonifer significantly suppressed serum levels of aspartate transaminase, total bilirubin, and ammonium (indices of liver function). However, less or no suppression was observed with tempeh prepared with R. oligosporus or R. oryzae. Serum levels of triglyceride, total cholesterol, HDL cholesterol, and glucose were unaffected. Liver levels of free cholesterol, a parameter relating to liver injury, were significantly decreased by the three types of the tempeh examined; however, there was no difference in the free cholesterol levels among the tempeh groups. We conclude that the ingestion of tempeh prepared with R. stolonifer might have beneficial effects pertaining to the liver function in rats fed with high-fat diets.
Tempeh is a traditional fermented soybean food consumed mainly in Southeast Asia, especially in Indonesia. It is prepared through fermenting dehulled and cooked soybeans with Rhizopus species (1) . Recently, regional standards for tempeh have been established by the Codex Alimentarius (http://www.maff.go.jp/e/cca sia/about_ccasia/pdf/cxs_313re.pdf). It defines the use of R. oligosporus, R. oryzae, and/or R. stolonifer as soybean tempeh starters. R. oligosporus (2) and R. oryzae (3) have been widely used for tempeh starters. Therefore, a number of studies have been conducted on the tempeh prepared with these Rhizopus species (4, 5) . Meanwhile, R. stolonifer has been less frequently used for tempeh starters, and therefore has not received much attention (6, 7) .
We previously reported that consumption of tempeh prepared with R. oligosporus modulates fecal secondary bile acids, mucins, immunoglobulin A, harmful enzyme activities, cecal microflora, and short-chain fatty acids (4) . A study by Yusof et al. demonstrated hepatoprotective effect of tempeh prepared with Rhizopus sp. strain 5351 on alcoholic fatty liver damage in mice (8) . However, there is no comparative study on the health benefits of tempeh prepared with the three Rhizopus species as above mentioned.
A high-fat diet is associated with several health problems such as obesity, hyperlipidemia, hyperglycemia, and nonalcoholic fatty liver disease. Accordingly, the present study was conducted to investigate the effects of the dietary addition of tempeh prepared with the three Rhizopus species on circulating and hepatic biochemical parameters in rats fed with a high-fat diet.
Materials and Methods
Microorganisms. R. microsporus var. oligosporus NBRC 32002 (hereinafter referred to as R. oligosporus), R. oryzae NBRC 4716 (hereinafter referred to as R. oryzae), and R. stolonifer var. stolonifer NBRC 30816 (hereinafter referred to as R. stolonifer) were used for the tempeh preparation. All these strains were transferred from Biological Resource Center, NITE (NBRC) with agreement. They were incubated on potato dextrose agar plates at 30˚C until enough spore growth was observed. Spore suspensions of each Rhizopus species were prepared by harvesting spores on plates with sterilized water. Spore concentration was measured using a hematocytometer.
Tempeh preparation. The dehulled yellow soybeans (Glycine max) used in this study were of the variety Ryuuhou, which is cultivated in Akita Prefecture in Japan. Dehulled yellow soybeans were soaked in 0.2% acetic acid solution at room temperature over-night. After the acetic acid solution was drained, the soaked soybeans were boiled in hot water at 100˚C for 10 min. The boiled soybeans were drained and cooled to below 40˚C, and subsequently inoculated with a spore suspension of each Rhizopus species (about 3310 6 spores/100 g boiled soybeans). The inoculated soybeans were packed into polyethylene bags with small pinholes and incubated at 32˚C for 40 h. Prepared tempeh was sterilized by steaming at 90˚C for 30 min and then pulverized after lyophilization. The chemical composition of each tempeh is shown in Table 1 . The composition of isoflavones in each tempeh is shown in Table 2 . Analysis of isoflavones was conducted by an HPLC system (Shimadzu, Ltd., Kyoto, Japan) according to the method described previously (9) , with slight modifications.
Animals and diets. Four-week-old male Sprague Dawley (SD) rats (Charles River Japan, Inc., Kanagawa, Japan) were purchased and housed in individual cages in a room at 23-24˚C and 50-60% relative humidity, with a 12 h light-dark cycle. The rats were fed a pellet diet (MF, Oriental Yeast Co., Ltd., Tokyo, Japan) for 1 wk before initiation of the experimental diets. All animal experiments were carried out under the "Guide for the Care and Use of Laboratory Animals" established by Hiroshima University and approved by the Ethics Committee of Hiroshima University (approval No. C15-12).
The rats were divided into four groups (10 rats per group, average 109 g) receiving high-fat (HF) diets without tempeh (control), HF with 20% (w/w) tempeh pre-pared with R. oligosporus (R. microsporus var. oligosporus, tempeh RM), HF with 20% (w/w) tempeh prepared with R. oryzae (tempeh RO), and HF with 20% (w/w) tempeh prepared with R. stolonifer (tempeh RS) for 21 d. The experimental diet formulations were adjusted so that the composition of protein, lipid, carbohydrate, and dietary fiber was almost the same among the four groups (Table  3 ). Deionized water was supplied ad libitum. Equal amounts of the experimental diets were provided daily in food cups at 18:00 (9, 10, 12, 14, and 15 g on days 1, 2-4, 5-7, 8-12, and 13-21, respectively) to prevent differences in food intake. All food was consumed each day until the next day's food was served. The weight of spilled diet was recorded daily and appropriately incorporated in the calculation of food intake.
At the end of the feeding period, the rats were sacrificed by decapitation following anesthesia (13:00-15:00) with inhalation exposure to isoflurane (Wako Pure Chemical Industries, Ltd., Osaka, Japan) in total in the desiccator to reduce suffering. Blood was collected, and serum was separated by centrifugation at 2,000 3g for 20 min and stored at 280˚C. Adipose tissue and the liver were removed, weighed, and stored at 220˚C until analysis. Hepatic lipid metabolic parameters in serum and the liver were determined by the previously described methods (10) . As serum parameters, aspartate transaminase (AST), alanine aminotransferase (ALT), gamma-glutamyl transpeptidase (g-GTP), total bilirubin, ammonium, albumin, lactate dehydrogenase (LDH), creatinine, urea nitrogen, uric acid, triglyceride, total cholesterol, high-density lipoprotein cholesterol, free fatty acids, glucose, Ca, Fe, inorganic phosphorus, Mg, lactic acid, and lipopolysaccharide (LPS)-binding protein were measured using commercially available kits (Wako Pure Chemical Industries, Ltd.). Liver lipids were extracted according to the method of Folch et al. (11) . As liver parameters, liver triglyceride, cholesterol, and free cholesterol were also measured using those kits. Liver levels of thiobarbituric acid-reactive substances (TBARS) were assayed as described by Ohkawa et al. (12) . Statistical analysis. Data are expressed as means6 standard errors. Statistical analysis was performed using one-way ANOVA, followed by the Tukey-Kramer HSD test. Some data were analyzed using Spearman rank correlation analysis. For all tests, p,0.05 was considered to indicate a statistically significant difference.
Results and Discussion
Body weight gain and food intake Final body weight and food intake for 3 wk as well as epidydimal adipose tissue weight did not differ among the four groups (data not shown).
Serum parameters
Serum parameters are shown in Table 4 . As compared with the control, tempeh RM and RO had no effects on AST, ALT, g-GTP, total bilirubin, ammonia, albumin, or LDH, except that tempeh RO significantly decreased the ammonia level (p,0.05). Intriguingly, tempeh RS exhibited significant suppressive effects on AST, total bilirubin, and ammonium levels (221%, 250%, and 213%, respectively, p,0.05), as compared with the control. Additionally, tempeh RS tended to decrease ALT and LDH levels (212%, and 228%, respectively, p,0.10). The other serum parameters were unaffected. These results suggest a beneficial effect of tempeh RS on the liver function.
Liver parameters
Liver parameters are shown in Table 5 . Liver weight and triglyceride levels were unaffected. Liver levels of TBARS were not affected by the tempeh diets. Intriguingly, liver levels of cholesterol and free cholesterol were significantly decreased in the tempeh RM, RO, and RS groups (total cholesterol, 233%, 232%, and 236%, respectively, p,0.05; free cholesterol, 240%, 252%, and 245%, respectively, p,0.05), although there were no differences in these parameters among the tempeh groups. Free cholesterol in the liver is a critical factor for liver injury (13, 14) . This finding might be one reason why tempeh RS significantly reduced liver injury serum biomarkers, such as AST, total bilirubin, and ammonium. However, the question why tempeh RM and RO had less or no effect on liver injury serum biomarkers remained unanswered. Liver TBARS levels were significantly correlated with serum AST (r50.56, p,0.01), but not with serum total bilirubin or ammonium (r50.11 and 0.15, respectively, p.0.05). Thus, it is likely that the difference in serum AST among the tempeh groups was in part associated with that of liver oxidative stress.
Soyfoods contain soy proteins, soy isoflavones, and soy oligosaccharides, among others, as functional components. It is well-known that soy protein is effective in suppressing lipid accumulation in the liver (15) . A recent study suggests that soy isoflavone exerted hepatoprotective effects via the inhibition of lipogenesis and the promotion of fatty acid oxidation in the liver by regulating the expression of sterol regulatory-element binding protein (SREBP)-1c and peroxisome proliferator-activated receptor (PPAR) a (16). As shown in Table 2 , tempeh RS, which had beneficial effects on liver function, con-tained isoflavone aglycones at the highest concentration among these tempehs. It is commonly assumed that isoflavone aglycones are absorbed faster and in higher amounts than their glucosides (17) . Thus, one possible reason for the beneficial effects of tempeh RS on liver function might result from the high content of isoflavone aglycones. However, the exact mechanism of suppressive effects on liver injury by dietary tempeh RS is unknown at present. Thus, further study is necessary to examine the possibility of the involvement of isoflavone and other factors in the beneficial effect of tempeh RS.
In conclusion, this study provided the first evidence for the beneficial effect of tempeh RS on liver function in rats fed with a high-fat diet, which is superior compared with tempeh RM and RO. To the best of our knowledge, this is the first evidence of the health benefit of tempeh RS. Further study is necessary to elucidate the mechanisms of the beneficial effect and the active factors responsible for the effect. 
